This article presents the results of an analysis aimed at determining the influence of applying selected types of objects for the infiltration and retention of rainwater (LID -low impact development objects), on a plot scale (area of a shopping mall) and in the subcatchment of Służewiecki Stream in Warsaw, on the characteristics of surface runoff/outflow as well as retention and infiltration depths, in response to a single rainfall event. The following types of objects were accounted for in the study: permeable soil layer, green roof, permeable paved parking lot surface, and infiltration trench. The SWMM model (storm water management model), designed by the U.S. Environmental Protection Agency was used to carry out simulation calculations for the individual scenarios of applying infiltration and retention objects on a plot and catchment scale. The effect of applying LID objects throughout the analyzed area was, in both cases, a reduction in the depth of surface runoff, outflow volume and, at the same time, an increase in the infiltration and retention depths. The most significant reduction in surface runoff on the plot scale (approximately 99%) occurred in the case of calculation scenarios calling for the application of infiltration trenches (scenario LID3), as well as permeable layers of soil and gravel (LID5 and LID6). The most significant reduction in runoff/outflow on the catchment scale was achieved by the combined application of objects of "permeable soil layer" and so-called "green roofs" (LID5). The reduction in the runoff depth and peak flow rate amounted to 50.0 and 38.5%, respectively, as compared to runoff from the catchment at the current state of its urbanization. The influence of urbanization that the plot of land and subcatchment area had undergone between 1970 and 2005 also was analyzed. The increased urbanization of the catchment, determined as 40%, resulted in an increase in the maximum flow rate in the "Rosoła" profile (approximately 19 times higher), as well as outflow volume (approximately 39 time higher).
Introduction
Economic development and an ever-increasing human population play an important role in the growth of urbanized areas and thus the amount of sewered impermeable areas. Progressing urbanization leads to an increase and acceleration in the surface runoff of rainwater (resulting in flooding) along with a decrease in the infiltration of water to soil (leading to a reduction in the resources of groundwater and, in consequence, the degradation of water ecosystems). One means of protecting people and their property from flooding, as specified in the Water Law Act [1] , is maintaining, creating, and recreating water retention systems. Plans regarding the management of flood risk indicate the limitation of sealed (paved) areas, stop or deceleration of rainwater runoff to the sewage system or other receivers (e.g., rivers), and an increase in the amount of green areas as the most important measures for protecting and increasing water retention in urbanized areas. The significance of actions aimed at increasing retention in catchments also has been acknowledged within the scientific studies program BIOSTRATEG [2] , which includes "the rational management of natural resources with particular attention paid to water management" as one of its five strategic problem areas.
The article presents the analysis of how applying selected types of objects for infiltrating and retaining rainwater (permeable soil layer, green roof, permeable paved parking lot surfaces, and infiltration trenches), on a single plot scale (encompassing the area of a shopping mall) and in the subcatchment of Służewiecki Stream, influences the characteristics of surface runoff/outflow, as well as retention and infiltration depths. The idea behind applying such objects is to stop rainwater at the spot where runoff forms, by the retention, infiltration, interception, and evapotranspiration of as much water as possible, rather than by channeling rainwater into the sewage system [3] . The benefits of applying such objects include not only restricting surface water runoff (reducing the risk of flooding), but also replenishing groundwater and limiting the drainage of pollutants into sewage water. An in-depth description of the methods of managing rainwater which can be applied in urbanized areas on three scales, i.e., plots of land, neighborhoods, and catchments, has been presented in another work of the author [4] . A description of efforts aimed mainly at retaining runoff also can be found in a publication by Żbikowski and Żelazo [5] . Objects used for the infiltration and retention of rainwater and distributed throughout a given area are shortly referred to as LID (low impact development) objects, in accordance with terminology used in other articles [6] [7] [8] . The present study also presents the analysis of the influence of the increased urbanization of the analyzed catchment in 1970-2005 on runoff.
Analyses in the present work were carried out using the Storm Water Management Model (SWMM) model for a plot of land and catchment in reaction to a single rainfall event. Results of similar analyses found in publications usually pertain only to small areas in a catchment or factor for continual (long-term) rainfall events in their calculations [9, 10] . The analyses allowed new information regarding the influence of infiltration and retention objects on the values of hydrological characteristics on a catchment scale to be obtained. Simulations were performed for rainfall with a depth of 14.5 mm and duration of 40 min., which had been registered in the given catchment. The results of this rainfall were local flooding. Based on calculations using a formula provided by Błaszczyk et al. [11] , the probability of such a rainfall was calculated at approximately 30%. Practical issues influenced choosing a single rainfall event characterized by a probability that falls in the range of 10 to 50% since flows caused by rainfalls with such probabilities are used in engineering to design technological objects for water management in urbanized areas [12] [13] [14] . The reason behind accepting for analysis a single rainfall event, which resulted in flooding in the analyzed catchment, was i.e. to establish the degree to which the maximum flow rate and outflow volume are reduced when applying objects for the infiltration and retention of rainwater in the catchment. This made it possible to assess whether applying these types of objects within the catchment can serve as a means of limiting flood risk in the given catchment as well as other urbanized catchments of similar characteristics.
Służewiecki Stream Catchment
The case study was conducted on the urbanized subcatchment of Służewiecki Stream, located within the Ursynów district in the southern part of Warsaw (Fig. 1) . Its surface area is 4.5 km 2 , while the whole catchment, up to the "Rosoła" water guage station, is characterized by a total area of 43.0 km 2 . Służewiecki Stream is a partially open and partially closed channel into which water is drained by a sewage network.
Impermeable surfaces constitute approximately 40% of the area in the analyzed subcatchment; moreover, the subcatchment is nearly completely sewered. These two factors combined result in this region having a very strong influence on how flows in Służewiecki Stream are shaped. The influence of the "Rów Grabowski" subcatchment on flows in the "Rosoła" profile is relatively low due to the lack of a sewage system, whereas the low influence of the "Okęcie" catchment stems from the presence of storage reservoirs with a total capacity of 42,900 m 3 [15] .
Methods of Analysis Using the SWMM Model
SWMM version 5.0.22 designed by the U.S. Environmental Protection Agency (EPA), was used to model the influence of applying objects for the infiltration and retention of rainwater distributed throughout the analyzed catchment on runoff. SWMM is a dynamic model designed to stimulate the runoff of water and contaminants in response to single or continuous rainfall events. An indepth description of the model can be found in the author's previous work [15] .
The calculation procedure of the model is based on the collection of partial areas with given attributes (which constitute homogeneous areas with various types of land use, chosen from the catchment in order to account for the spatial variation of the modeled hydrological processes), which transform the rainfall hitting their surface into runoff. The produced runoff is then transported to the outfall profile of the catchment by its hydraulic system, which consists of a network of sewage pipes, as well as natural and man-made trenches (channels). The dynamic wave equation was used in order to calculate the transformation of runoff in the analyzed catchment, while effective rainfall was determined using the CN-SCS method [16] . Fig. 2 shows the SWMM model of the "Ursynów" subcatchment system divided into homogenous areas characterized by different proportions of impermeable surfaces.
The described model was adapted for eight calculation scenarios on a plot scale, and seven scenarios on a catchment scale, which account for the state of land use in the analyzed areas in 1970 and 2005, as well as various options of applying LID objects for the retention and infiltration of rainwater. The objects selected for analysis were included in the model by defining information in the LID Controls dialog window, which is a characteristic of each subarea isolated within the catchment area. The characteristics of parameters that ought to be accounted for when designing LID objects and during their application in select sub-areas can be found in the SWMM model manual [17] .
The three main types of objects applied in the analyses using the SWMM model, the main functions of which were the retention and infiltration of direct rainfall or rainwater runoff from the surface or pipes from neighboring impermeable surfaces are:
• Bio-retention Cells -the main element of these objects is a permeable soil layer characterized by an adequately high filtration coefficient, covered by foliage (serving as a rain garden or green roof); a gravel retention layer may be found in the lower part.
• Infiltration Trenches -infiltration trenches filled with an absorbent layer of gravel.
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Legend: Storage reservoirs Open watercourses Rainwater sewer system Area of analyzed catchment Ursynów-SGGW precipitation station "Roso a" water gauge station • Porous Pavement (Block Paver) -objects which facilitate or accelerate the infiltration of rainwater into the ground on hardened surfaces through the application of permeable surfaces (e.g., openwork concrete slabs on parking lots); a layer containing fine gravel or sand may be present in the bottom part. Applying LID objects in analyses called for indicating values of their characteristics in the SWMM model, which were accepted on the bases of a detailed analysis of information provided in literature [18, 19] and proposed in the model manual [17] . Table 1 presents a compilation of the values of select characteristics of LID objects entered in the model, which describe the vertical dimensions and filtration properties of particular layers of these objects. The surface area of the individual objects in the model varied and depended on the size of the area in the specific homogenous subcatchment on which it is actually possible to apply such objects. In the case of analyses for the scenario of applying a "permeable soil layer" (LID5-LID6 on a plot scale and LID3-LID5 on a catchment scale), a retention layer of gravel in the lower part of these objects was additionally accounted for. For objects that served the function of a "green roof" in a given scenario, relatively large depths of the soil and gravel layer were assumed (soil and storage layers), i.e. 400 and 150 mm, respectively.
The Effectiveness of Infiltration and Retention Objects on a Plot Scale
The implementation of low-impact development objects for infiltrating and retaining rainwater ought to be initiated in areas where rainfall hitting the surface is transformed into surface runoff on a plot of land. The analysis covered a 5.1 ha plot of land located within the Służewiecki Stream subcatchment area developed as a shopping mall (Fig. 3A) , for which seven calculation scenarios were prepared. An SWMM image of the property, divided based on the types of land use, has been presented in Fig. 3B .
The first part of the work consisted of analyzing the influence of the increase in urbanization during the period from 1970 (plot of land consisting entirely of arable land) to 2005 on the processes of rainwater runoff/outflow. The second part of the work involved the analysis of the influence of applying LID objects for the infiltration and retention of rainwater on a plot scale on the following features: volume of outflow, runoff, infiltration, and retention depth. The calculations were conducted in response to a rainfall event characterized by a depth of 14.5 mm and duration of 40 minutes, which was measured at the "Ursynów-SGGW" precipitation station on May 22, 2007 . The rainfall depth taken into analysis was similar to the average value for 31 of the highest rainfall events in 2006-2008 (equal to 12.0 mm), which were included in another study of the author [20] .
The following calculation scenarios were included in the analysis that aimed to determine the influence of applying LID objects on the processes of surface runoff/outflow, retention, and infiltration: LID1 Applying openwork concrete slabs (permeable paved surfaces) in areas covered by parking lots, beneath which there is a layer of gravel and sand LID2 Constructing infiltration trenches along roadsides and parking lots filled with an absorbent layer of gravel LID3 Applying infiltration trenches that take in runoff rainwater not only from roads and parking lots, but also from the surface of the shopping mall roof LID4 Applying a permeable layer of soil covered with grass (without a bottom layer of gravel) in areas of existing lawns, which takes in runoff rainwater from roads and parking lots LID5 Creating permeable layers of soil in areas of existing lawns (as in the previous scenario) as well as on the surface of the shopping mall roof, which, in this case, functions as a "green roof" (object consisting of two layers: soil and gravel) LID6 Creating a so-called "green roof" as well as permeable layers of soil in areas of existing lawns, which consist of a top layer of soil and, additionally, a bottom layer of gravel. The results of the simulations have been compiled in Table 2 as well as presented in the form of a graph (Fig. 4) .
As a result of the analysis it was established that the increased urbanization of the analyzed plot between the years 1970 and 2205, amounting to 57%, caused a very large increase in outflow (approx. 50 times higher) and, at the same time, a reduction in infiltration depth. The volume of the outflow increased from a value of 7.5 to 375.6 m 3 , and the runoff depth from a value of 0.1 to 7.5 mm.
The analysis, which regarded the application of objects for the infiltration and retention of rainwater within the area of the analyzed plot of land according to the six investigated scenarios, revealed that the realization of each of the scenarios will result in a reduction of surface runoff. Implementing the LID1-LID3 scenarios, which call for using permeable paved surfaces on parking lots and infiltration trenches, will result in increasing infiltration depth. The result of applying permeable layers of soil (scenarios 4-6) will be an increase in rainwater retention depth.
The highest reduction in surface runoff was achieved by applying infiltration trenches, which take in runoff water from roads, parking lots, and the surface of the shopping mall roof (scenario LID3). The reduction of runoff amounted to 98.8% in relation to runoff from the plot at the current level of urbanization (scenario: Year 2005). The reduction of runoff was almost the same in the case of scenarios LID5 and LID6, which anticipate creating permeable layers of soil near roads and parking lots, as well as a so-called "green roof" on the surface of the shopping mall rooftop. The amount of runoff for the three scenarios described above was reduced to the level prior to urbanization. The most significant increase in infiltration depth (121.8%) was calculated for the LID3 scenario, which calls for creating infiltration trenches. The infiltration depth was higher than for the initial state of use characterizing the plot. The results of similar analyses presented by Gilroy and McCuen [7] revealed that, on a plot scale, the degree in which runoff is reduced depends on the type of land use, the amount and type of objects applied, as well as the amount of rainfall. By applying rainwater barrels and permeable layers of soil within the area of a residential plot with single-family houses, a 92% reduction in the volume of runoff was achieved in reaction to a rainfall event with a 100% probability of occurring (p = 100%). Similar analyses for the area encompassing the shopping mall revealed the maximum reduction of runoff to be 73%. The results of field studies conducted by DeBusk and Wynn [21] confirmed the effectiveness of permeable soil layers in the reduction of runoff. The authors showed that they are capable of reducing the volume of runoff and maximum flow rate (peak flow) from the area of a parking lot by 97 and 99%, respectively. Analyses carried out by Dreelin et al. [22] determined that the application of permeable materials when constructing parking lot surfaces can reduce rainwater runoff by 93%.
The Effectiveness of Infiltration and Retention Objects on a Catchment Scale
A SWMM model adapted for seven calculation scenarios was used to analyze the influence of the increasing urbanization of the "Ursynów" subcatchment area during the period of 1970 to 2005, as well as the application of rainwater infiltration and retention objects on the following characteristics: maximum flow rate, outflow volume, runoff, infiltration, and retention depth. Calculations were carried out in response to rainfall characterized by a depth of 14.5 mm and duration of 40 min. Fig. 5 includes bird'seye view pictures in which the state of land use of the catchment area in the two analyzed time periods has been presented.
The following calculation scenarios were included in the analysis that aimed to determine the influence of LID objects on surface runoff, retention, and infiltration: LIDthe application of openwork concrete slabs on parking lot surfaces, beneath which there is a layer of gravel and sand; the permeable paved surfaces were accounted for in designated parking lots within the model ranging from 1,300 to 13,100 m 2 , as well as select residential areas of multi-family housing and commercial areas, under the assumption that the dispersed parking lots cover approx. 10% of the surface of these areas; LID2 -the application of infiltration trenches along the main roads and parking lots, filled with an absorbent layer of gravel; LID3 -creating permeable soil layers covered by grass along the edges of the main (largest) parking lots and roads (including a strip of greenery (median) separating the roads going in each direction); LID4 -creating permeable soil layers which take in rainwater runoff from the main roads and parking lots as well as from the surface of some roofs of buildings in residential areas with multi-family housing (10% of the surface of the selected subareas of the catchment was allotted to creating these objects); LID5 -applying objects forming permeable soil layers along the main roads and parking lots, and creating so-called "green roofs" on the surface of roofs in select residential areas (objects take up approx. 20% of the given surface area). The percentage of areas in the analyzed subcatchment on which LID objects were applied, as well as the results of the simulation, have been presented in Table 3 . The results of the analysis have also been presented in the form of graphs (Figs. 6 and 7) .
As a result of the analyses, it was established that the increased urbanization of the analyzed subcatchment of the Służewiecki Stream in the period from 1970 to 2005, established at 40%, led to a very significant increase in surface runoff/outflow, along with a reduction in the depth of infiltration. The calculated maximum flow rate on the hydrograph of the "Rosoła" profile increased from a value of 0.409 to 7.861 m 3 ·s -1 (approx. 19 times higher). At the same time, the volume of outflow increased from 750.4 to 29,094.0 m 3 (approx. 39 times higher). Simulation calculations regarding the application of objects for the infiltration and retention of rainwater according to the five analyzed scenarios revealed that the implementation of each of the scenarios will result in a decrease in values of maximum flow rate, outflow volume, and runoff depth, as well as an increase in the depth of infiltration. What is more, implementing scenarios LID3-LID5, which anticipate applying permeable soil layers, will increase rainwater retention depth within the catchment.
The most significant reduction in surface runoff/ outflow was obtained for the scenario that called for the combined application of permeable soil layers along the main roads and parking lots, as well as the construction of "green roofs" on the roof surfaces of select buildings (LID5). The reduction of runoff depth was equal to 50% in relation to the runoff from the catchment at the current state of urbanization. The maximum flow rate of the hydrograph decreased from a value of 7.861 to 4.832 m 3 ·s -1 (38.5%). The surface of the catchment area on which LID objects were applied according to this scenario was 12.1%. The smallest reduction in runoff depth and maximum flow rate, equal to 20.7 and 16.1%, respectively, were obtained when applying permeable paved surfaces on some of the parking lots within the catchment (modifying 8.7% of the catchment area).
The most significant increase in infiltration depth (23.0%) occurred as a result of applying scenario LID2, which called for creating infiltration trenches along the main roads and parking lots. This scenario accounted for applying such objects on 1.2% of the surface area of the analyzed catchment. A similar analysis [23] conducted using a SWMM model for the area of the Olympic village in Beijing, analyzed the influence of modifying existing infiltration and retention objects on the reduction of runoff. The analysis involved the same kinds of objects as in the present work, but was conducted in response to long-term rainfall events. The modification of objects (changing their parameters) caused the yearly runoff volume to decrease by 27%, whereas the maximum flow rate decreased by 21% in comparison to the baseline scenario. A SWMM model was also applied when carrying out calculations in another catchment located within China [24] . The most significant reduction of runoff was obtained for scenarios where permeable paved surfaces of roads and parking lots were applied (the reduction amounted to approx. 20%), and "green roofs" constructed, in reaction to single rainfall events of various depths. The percentage share of the first kinds of objects accepted for analysis ranged from 20 to 80% of the analyzed subarea, with the second types of objects amounting to as much as 20%, depending on the type of land use. Chapman and Horner [25] showed that applying permeable soil layers along roads within the city of Washington can reduce runoff by as much as 26-52%.
Conclusions
The work presented the results of an analysis which aimed to determine the influence of applying select types of objects for the infiltration and retention of rainwater (LID objects) on the characteristics of outflow, as well as surface runoff, retention and infiltration depths, on a plot of land (area of a shopping mall) and within the Służewiecki Stream subcatchment area. The following types of objects were included in the analysis: permeable paved surface of parking lot, infiltration trench, green roof, and permeable soil layer. The analysis of how the urbanization of the studied plot of land and subcatchment that took place in the time frame of 1970-2005 influenced runoff/outflow has also been presented. The SWMM model was used to carry out simulation calculations in reaction to an individual rainfall event of 14.5 mm.
The conducted analyses allow us to draw the following conclusions:
• The increase in urbanization of the analyzed plot of land which took place between 1970 and 2005, 57.6%, led to a very significant increase in the volume of outflow (about 50 times higher), runoff depth and, at the same time, reduction in the depth of the infiltration. The increased urbanization of the catchment during the same time period, determined as 40%, resulted in an increase in the maximum flow rate in the "Rosoła" profile from an initial value of 0.409 to 7.861 m • The effect of applying LID objects throughout the analyzed area was, in both cases, a reduction in the depth of surface runoff, outflow volume and, at the same time, an increase in the infiltration and retention depths, in response to a single rainfall event. The degree in which runoff was decreased depended on the type of applied objects, which were accounted for in the individual calculation scenarios, and the area they covered.
• The most significant reduction in surface runoff on the plot scale (approx. 99%) occurred in the case of calculation scenarios calling for the application of infiltration trenches (LID3), as well as permeable layers of soil and gravel (LID5 and LID6). The amount of runoff was reduced to the level prior to urbanization of the plot. The above-listed scenarios accounted for the retention and infiltration of rainwater runoff from road surfaces, parking lots, and the roof of the shopping mall, as well as for creating a "green roof." • The LID3 scenario, which called for creating infiltration trenches that take in the runoff of rainwater from roads, parking lots, and roof surfaces, without a doubt led to the largest increase in the depth of the infiltration on a plot scale (121.8%). Infiltration depth was higher than for the state of land use in 1970, when the area consisted entirely of arable land.
• The lowest reduction of runoff depth in the analyzed catchment (20.7%) and peak flow rate (approx. 16.1%) were determined for scenarios that involved the application of permeable paved surfaces on some of the parking lots (8.7% of the catchment area was modified) located in areas characterized by various types of land use.
• Scenarios that called for the application of infiltration trenches and permeable soil layers that take in surface runoff only from main roads and parking lots within the catchment revealed a significant reduction in surface runoff depth (28.0-29.6%) and maximum flow rate (approx. 20%). The analysis indicated that creating infiltration trenches also resulted in the highest increase in infiltration depth, i.e., 23.0%.
• The most significant reduction in runoff/outflow was achieved by the combined application of objects of "permeable soil layer" and so-called "green roofs" (covering 12.1% of the catchment area), which enable runoff rainwater from main roads and parking lot surfaces to be absorbed into the ground, and rainwater to be retained on the surface of selected rooftops (scenario LID5). The reduction in the runoff depth and peak flow rate on the hydrograph amounted to 50.0 and 38.5%, respectively, as compared to runoff from the catchment at the current state of its urbanization. The possibilities of realizing this scenario are, however, limited due to the difficulties connected with the construction of "green roofs."
